. In the normal guinea pig, contralateral sound inhibits more than a third of ventral cochlear nucleus (VCN) neurons but excites Ͻ4% of these neurons. However, unilateral conductive hearing loss (CHL) and cochlear ablation (CA) result in a major enhancement of contralateral excitation. The response properties of the contralateral excitation produced by CHL and CA are similar, suggesting similar pathways are involved for both types of hearing loss. Here we used the neurotoxin melittin to test the hypothesis that this "compensatory" contralateral excitation is mediated either by direct glutamatergic CN-commissural projections or by cholinergic neurons of the olivocochlear bundle (OCB) that send collaterals to the VCN. Unit responses were recorded from the left VCN of anesthetized, unilaterally deafened guinea pigs (CHL via ossicular disruption, or CA via mechanical destruction). Neural responses were obtained with 16-channel electrodes to enable simultaneous data collection from a large number of single-and multiunits in response to ipsi-and contralateral tone burst and noise stimuli. Lesions of each pathway had differential effects on the contralateral excitation. We conclude that contralateral excitation has a fast and a slow component. The fast excitation is likely mediated by glutamatergic neurons located in medial regions of VCN that send their commissural axons to the other CN via the dorsal/intermediate acoustic striae. The slow component is likely mediated by the OCB collateral projections to the CN. Commissural neurons that leave the CN via the trapezoid body are an additional source of fast, contralateral excitation.
I N T R O D U C T I O N
The cochlear nucleus (CN) is the first site in the central auditory system where convergence of binaural information occurs. Interaction between the two cochlear nuclei can take place by way of the CN-commissural pathway (Cant and Gaston 1982; Schofield and Cant 1996; Shore et al. 1992) or by descending inputs from the superior olivary complex (SOC) and inferior colliculus (IC) (Shore et al. 1991; Spangler et al. 1987) . In the normal hearing adult guinea pig, contralateral sound stimulation inhibits the activity of ϳ30% of ventral CN (VCN) neurons (Ingham et al. 2006; Shore et al. 2003) and produces only occasional excitatory responses . The inhibition is thought to be mediated by glycinergic neurons of the CN-commissural pathway that travel via the acoustic striae (Alibardi 1998 (Alibardi , 2000 Babalian et al. 2002; Needham and Paolini 2003 , 2006 , 2007 Schofield and Cant 1996; Shore et al. 1992 Shore et al. , 2003 Wenthold et al. 1987) . In addition, it may be mediated indirectly via glycinergic neurons in the medial nucleus of the trapezoid body (MNTB) (Bledsoe et al. 1990; Godfrey et al. 1988; Moore and Caspary 1983; Wenthold et al. 1987 ) that project to the VCN (Schofield 1994) .
In contrast to normal animals, guinea pigs that have been ipsilaterally deafened display a short onset (within 2 h) and lasting increase in the proportion of VCN neurons with excitatory responses to contralateral sound (Յ40%) with no persistent changes in the percentage of neurons inhibited by contralateral sound. This enhancement of contralateral excitation occurs after both conductive hearing loss (CHL) (Sumner et al. 2005 ) and cochlear ablation (CA) . The excitatory responses have latencies of Ն6 ms; this is consistent with activation by a path involving more than one synapse or a slow pathway and inconsistent with acoustic cross-talk. The latencies and rate-level functions (RLFs) of contralateral excitation are similar to those seen occasionally in normal hearing animals. This, plus the fast onset of the increase in contralateral excitation, suggest an upregulation of existing excitatory pathways rather than a disinhibition of silent synapses (e.g., Calford 2002) because unilateral deafness produces no lasting change in the proportion of neurons that are inhibited by contralateral sound (Sumner et al. 2005) .
The contralateral excitatory responses may be mediated by cholinergic neurons in the ventral nucleus of the trapezoid body (VNTB) that send excitatory projections to the VCN via collaterals of the olivocochlear bundle (OCB) (Brown et al. 1988; Fujino and Oertel 2001; Godfrey et al. 1987b; Mulders et al. 2003; Winter et al. 1989) or directly via the trapezoid body (Sherriff and Henderson 1994) . In support of this notion, we have shown that melittin lesions of the VNTB on both sides of the brain eliminated the compensatory excitation induced by CA, while lesions of the VNTB contralateral to the cochlear damage only partially eliminated the excitation . Tucci and colleagues (2006) reported that CHL produces increases in the contralateral round window noise and compound action potential amplitudes in the ear contralateral to the CHL, suggesting also that alterations in OCB pathways play at least a partial role in compensatory excitation. Additional support for cholinergic OCB pathways mediating the excitation is provided by reports of upregulation of choline acetyltransferase and acetylcholine receptor binding (Jin and Godfrey 2006; Jin et al. 2005 ) and GAP43 associated with OCB inputs (Illing and Horvath 1995; Illing et al. 1997) in the ipsilateral VCN following CA.
Another potential source of contralateral excitation is the CN-commissural pathway. Although this mostly glycinergic pathway likely mediates the inhibitory contralateral responses Shore et al. 2003 ), a few of the neurons constituting the CN-commissural pathway have anatomical characteristics indicative of excitatory neurotransmission (Alibardi 1998 (Alibardi , 2000 Shore et al. 1992; Zhou et al. 2007 ). They also terminate in granule cell regions (Alibardi 2004; Shore and Moore 1998) , increasing the likelihood of slow temporal integration, which, even in principal cells in the CN, can last 10 ms (Palmer and Winter 1996) . Thus this monosynaptic pathway could be involved even though the excitatory responses have latencies of Ն6 ms. Support for the contralateral excitation being mediated by monosynaptic glutamatergic projections is also provided by recent findings from our laboratory that the terminals of CN-commissural projections colabel with the vesicular glutamate transporter 2, (VGLUT2) (Zhou et al. 2007a,b) . The cell bodies of these neurons are located in the medial shell areas of VCN, and the fibers exit the CN via both the dorsal/intermediate (D/IAS) acoustic striae and the trapezoid body (TB) (Zhou et al. 2007a,b) .
Thus there are at least three potential sources for the contralateral excitation. In the present study, we tested the hypotheses that "compensatory" (post unilateral hearing loss) contralateral excitation is mediated by direct glutamatergic CNcommissural projections via the D/IAS; direct glutamatergic CN-commissural projections via the TB; or cholinergic neurons of the OCB that send excitatory collaterals to the VCN. Figure 1 is a schematic of the brain stem pathways connecting the two cochlear nuclei and the placement of lesions that tested these hypotheses. As depicted in Fig. 1 , lesions (L) of the D/IAS (L1, Fig. 1 ) and TB (L2, Fig. 1 ) as they exit the contralateral CN identify whether contralateral excitation is mediated by the D/IAS or the TB. Lesions of the OCB near the floor of the fourth ventricle (L3, Fig. 1 ) elucidate the role played by the crossed and uncrossed OCB (COCB and UCOCB, respectively). Recent studies by Smith et al. (2005) indicate that many of the fibers of the D/IAS cross the brain ventral to the OCB, allowing us to make discrete lesions of the OCB.
M E T H O D S
The methods used here are as previously reported for deafening Sumner et al. 2005) , lesioning brain stem structures (Bledsoe et al. 1990; Gardi and Bledsoe 1981; Le Prell et al. 2003) , and recording from VCN neurons (Shore et al. , 2008 Sumner et al. 2005) . Experiments were performed on 10 healthy female adult pigmented guinea pigs (Elm Hill Breeding Labs, Chelmsford, MA) with normal Preyer's reflexes, weighing 250 -400 g. Of these, two were unilaterally impaired by a CHL and eight were unilaterally deafened by a mechanical CA. The database of the CHL animals also included three animals previously reported as zero survival day animals in Sumner et al. (2005) . 
General experimental design
Single-and multiunit neural responses were measured in the VCN in animals treated with an ossicular disarticulation (CHL) or mechanical CA to produce a sensorineural hearing loss. Ossicular disruptions and CAs were always performed on the left ear. Unit recordings were always made in the left VCN, ipsilateral to the hearing loss. Responses to contralateral acoustic stimulation were obtained beginning immediately after the deafening procedures, and for Յ4 h post deafening.
Surgical preparation
Animals were anesthetized with ketamine (40 mg/kg) and xylazine (10 mg/kg) and held in a stereotaxic device (Kopf) with hollow ear bars for sound delivery. Rectal temperature was monitored and maintained at 38 Ϯ 0.5°C with a thermostatically controlled heating pad. Supplemental anesthesia (0.25-0.5 times initial dose) was given approximately hourly, after performing a digital pinch test to elicit paw withdrawal. The bone overlying the cerebellum and posterior occipital cortex was removed, and a small amount of cerebellum was aspirated to reveal the surface of the dorsal CN (DCN) and, more rostrally, the VCN. A recording electrode mounted to the stereotaxic device was visually inserted directly into the VCN. The electrodes were pretreated with fluorescent compounds (see histology, in the following text) to enable postmortem reconstruction of electrode tracks.
Deafening procedures
The compensatory contralateral excitatory responses that occur following CHL and CA have similar response properties Sumner et al. 2005) . In the present study, we quantified features of the excitatory responses produced by both CHL and CA to confirm this observation. For ossicular disruption, the tympanic membrane (TM) was visualized through the ear canal using a microscope. Jeweler's forceps were used to puncture the TM, and the malleus was grasped and rotated to dislocate it from the incus. For CA, the animal was placed in the stereotaxic frame and a metal rod was inserted three to four times through the ear bar to damage the TM and cochlea. Visual inspection of the middle ear at the end of the experiment confirmed that the cochlea was damaged. CA allowed us to examine the changes in response properties of the same neurons before and after the deafening. This was not possible in CHL animals because the procedure had to be performed with the animals out of the stereotaxic frame. Thus the lesion studies were performed only on animals deafened by CA.
Lesion techniques
Once contralateral excitation was established after CA, lesions were produced in the D/IAS, the TB, or the OCB. The techniques used were similar to those we have described previously (Bledsoe et al. 1990; Gardi and Bledsoe 1981; Le Prell et al. 2003) . A pulled glass pipette (tip diameter, ϳ20 -50 m) was affixed to a 1.0-l glass microsyringe (Model No. 700; Hamilton, Reno, NV) . The syringe and tip were filled with melittin (Sigma Chemical, St. Louis, MO). Melittin is a cytolytic peptide that does not diffuse great distances in tissue. In addition, it produces very discrete lesions with sharp boundaries due the steep relationship between melittin concentration and cytolysis (Killion and Dunn 1986) . Prior to use, melittin was dissolved in normal Ringer solution [containing (in mM) 145 NaCl, 2.7 KCl, 2.0 MgSO 4 , 1.2 CaCl 2 , and 5.0 HEPES; pH 7.40; osmolality ϭ 280 -285 mosM] for a final concentration of 10 mM melittin in solution (pH 7.0 Ϯ 0.5; osmolality ϭ 419 mosM). The solution was aliquotted for storage at 0°C and warmed to room temperature prior to filling the microsyringe/pipette assembly. Fluoro-Gold or -Ruby was added to the melittin solution to aid in histological reconstruction of the lesions. Once filled, the microsyringe was affixed to a micromanipulator and positioned in the appropriate brain stem structure using stereotaxic coordinates and, in most cases, sound-evoked near-field potentials recorded from the pipette (Gardi and Bledsoe 1981). After melittin was expelled (0.2-0.5 l), the pipette was left in place for 1 min. Contralateral excitatory responses were recorded at least twice before and for Ն3 h after the lesion at 15-to 20-min intervals.
Data acquisition
All recordings were made in a sound-attenuating single-walled booth. Single-shank, 16-channel Michigan electrodes were used to record unit activity thus enabling us to record from many units simultaneously. In all animals, the electrode was inclined to an angle of 35-45°from vertical and positioned at a point on the VCN surface 0.5-0.75 mm medial to the parafloccular recess. The electrode was advanced 2.0 -3.0 mm below the surface of the VCN in a ventrorostral direction. Recording sites spanned 1.5 mm (100-m spacing of recording sites) from the tip of the probe. Thus we were able to sample from much of the depth of the VCN without moving the probe. In a few CA animals, the electrode had to be repositioned until robust sustained responses to ipsilateral acoustic stimulation were obtained prior to the CA. In these cases, data were accepted only when no more than two to three penetrations had to be made.
The 16-channel electrode was connected by a 16-channel preamplifier and digitizer to a Tucker-Davis Technologies (TDT) dataacquisition system that provided gain (1,000ϫ), filtering (bandwidth, 300 -7.5 kHz) and A/D conversion. A/D conversion was performed by simultaneously sampling 12-bit converters at 25 kHz/channel. Signals were then routed to multiple digital signal processors for computercontrolled spike waveform capture. A spike detection threshold was set independently for each recording channel to 4 SD above the mean background noise voltage. Time stamps and associated waveforms were collected at each threshold crossing.
Off-line sorting
In ϳ20% of the recordings, neural waveforms had threshold values Ն4 SD above the root mean square (RMS) noise floor. These units were sorted using the Plexon off-line sorter program (Plexon, Dallas, TX) using cluster analysis of principal component amplitudes. It was possible to sort some of the waveforms into more than one single unit per channel using statistical criteria (P Ͻ 0.05) provided by the program, thus increasing our yield of individually isolated units. Units separated using automatic cluster analysis methods were manually verified in terms of their amplitude consistency over trials and interspike intervals. Only single-unit data were used to obtain measures of response latency and to classify unit types according to their temporal response patterns in poststimulus time histograms (PSTHs).
attenuation. Digital signals were generated and delivered to the TDT hardware by a Pentium PC using a custom MATLAB software package. Stimuli were generated using a sampling rate of 50 kHz at 16-bit resolution. Tones were calibrated using a 1/4-in microphone coupled to the ear with a 0.5-ml tube. The microphone output was measured using custom MATLAB software. Noise was calibrated with the 1/4-in microphone and coupler attached to a sound level meter set to measure the bandwidth of interest (200 Hz to 20 kHz for BBN). Equalization to correct for the system response was performed in the digital frequency domain. The stimulus variable sequences in pseudorandom order were generated from within MATLAB. The maximum output of the system was 80 dB SPL. Tone and BBN bursts were used to assess the effects of ipsi-and contralateral sound on the activity of VCN neurons. In CA animals, responses were recorded to ipsi-and contralateral tones and BBN prior to ipsilateral deafening. Prior to deafening, a few contralateral sounds produced excitatory responses. The longer latencies of these responses (Ͼ6 ms) served to rule out cross-talk. Also, if there was no response to an ipsilateral stimulus at 80 dB SPL after deafening, then any contralateral response at that level could not be attributed to cross-talk. After CHL and CA, ipsilateral BBN thresholds were used to assess the extent of deafness. Prior to and after brain stem lesions RLFs to contralateral BBN were obtained. The 100-ms BBN (100 Hz to 22 kHz) was presented to the contralateral ear and the level of the noise varied in 10-dB increments from silence to 80 dB SPL.
Data analysis
The data analysis was performed using a custom toolbox in MATLAB both during and after the experiments. This system generated PSTHs, RLFs, and thresholds. A response threshold was taken to be the (linearly interpolated) sound level at which the difference in the mean spike rate between the driven response and the spontaneous activity satisfied a Student's t-test for statistical significance at a level of P Ͻ 0.01. This algorithm gave reliable thresholds that agreed closely with visual inspection of PSTHs and RLFs. Threshold was verified visually by comparing the response to the next higher level, at which a strong response around the same latency was observed. Latency was the point in time at which the firing rate was 2 SD above the average firing rate preceding stimulation.
Histology
BRAIN HISTOLOGY. The location of the recording electrode in the CN and the lesions in the brain stem were verified post mortem. To mark electrode tracks, the recording electrodes were dipped in 10% 1,1-dioctadecyl-3,3,3Ј,3Ј-tetramethylindocarbocyanine perchlorate (di-I, Molecular Probes) or Fluoro-Gold (2%), before being inserted into the brain. In addition to 10 mM melittin, the solution in the lesion pipette contained either Fluoro-Gold (2%) or Fluoro-Ruby (2%) to aid in histological reconstructions of the lesions. At the end of each experiment, the animal was perfused transcardially with saline followed by 4% paraformaldehyde. The brain was removed from the skull and immersed in 20% sucrose solution (Shore and Moore 1998; Shore et al. 1992 ). The following day, the brain was cryosectioned at 40 -60 m, placed on slides, and examined under epifluorescence for evidence of recording and lesion locations.
COCHLEAR HAIR CELL ASSESSMENTS.
In the animals treated with disarticulation to produce a CHL, a lack of cochlear damage was confirmed by demonstrating a normal number of surviving hair cells in cytocochleograms. The animals were perfused transcardially as described in the preceding text. The temporal bones were removed, the round and oval windows were exposed, and the cochleae were fixed by intrascalar infusion of 4% paraformaldehyde in phosphatebuffered saline through the round window. Following fixation, cochleae were micro-dissected and stained with 1% rhodamine phalloidin. Surface preparations of the cochlear spiral were prepared, and individual turns of the organ of Corti were mounted on glass slides. Surface preparation assessment was performed under epifluorescent illumination on a Leitz photomicroscope. Surviving hair cells were counted in 0.19-mm reticules and plotted as cytocochleograms (percentage of inner and outer hair cell loss, relative to normal hearing ears) as previously described (Shore et al. 2008 ).
Controls and correcting for acoustic cross-talk
A potential concern when conducting these experiments is crosstalk: signals can stimulate the opposite ear directly without any conduction by a neural pathway. This can occur by bone conduction, air conduction, or vibration of the supporting apparatus (Gibson 1982; see also Ozdamar and Stein 1981) . We assessed cross-talk in our setup previously when we performed several control experiments in normal hearing animals (Sumner et al. 2005) . Those data revealed that cross-talk excitation could occur beginning at 70 dB SPL in normal hearing animals. In other studies in which cross-talk was examined after inducing hearing loss akin to that induced in this study, cross-talk was not observed until tone levels exceeded 85 dB SPL (Le Prell et al. 2004 ). Although we accepted excitatory responses only in cases where cross-talk could be completely ruled out as described previously (Sumner et al. 2005) , it should be noted that with severe hearing losses in the ipsilateral ear, any cross-talk to contralateral stimulation should be well above the dynamic range of the acoustic stimuli used in the present study.
R E S U L T S
Units were included in this study if histological reconstructions revealed that the recording electrode was located in the VCN and the lesions were confined to the target structure with no obvious effects on adjacent structures. Results are based on responses from 160 units that were located in the anterior VCN (AVCN). Approximately 80% of these units were multiunit recordings and the other 20% were sortable into single units. Both types of unit recordings were used in the population data. Broadband noise (BBN) was used as the primary acoustic stimulus for contralateral excitation to maximize the number of neural responses recorded.
Responses of VCN units to contralateral sound are excitatory after ossicular disruption or cochlear damage
In animals with unilateral CHL and CA, the ipsilateral excitatory thresholds to BBN were high, normally Ͼ60 dB SPL. In many cases, for CA, no ipsilateral responses were measurable at the highest levels of BBN generated by our system (80 dB SPL). The contralateral excitatory response thresholds in unilateral deafened animals, by contrast, were usually much lower than the ipsilateral excitatory thresholds. The excitatory responses to contralateral sound were also much more common than in normal animals. In normal animals, only 4% are excited while it can be Յ40% for CHL and Ͼ60% for CA. Example PSTHs of contralateral excitatory responses in CHL and CA animals are shown in Fig. 2 (A and B, respectively). The PSTHs look very similar to VCN responses commonly recorded in response to ipsilateral BBN but were more robust following CA than CHL. None of these units responded to an 80-dB SPL ipsilateral noise.
There were no systematic differences in the attributes of contralateral excitatory responses induced by CHL and CA. Because the CHL was performed before placing the animals in the stereotaxic, it was not possible to compare precisely the onset of the excitation with both types of deafening. Excitatory responses were observed in the CHL animals when the neural recordings commenced (ϳ1.5 h post disruption). In the CA animals, there was a tendency for the contralateral excitation to become more robust 1-2 h after the CA. Thus the time course of the increased excitability is fairly rapid and probably similar with the two types of deafening.
CHL causes an increase in spontaneous activity with mean values almost doubling, from 28.3 spike/s in normal hearing animals to 50 spike/s after CHL (Sumner et al. 2005) . In four of the CA animals in this study, we were able to record responses for Ն1.5 h prior to producing lesions. At 61% of the recording sites the spontaneous rates increased during this time by a mean value of 49%. Considering that the effects reported by Sumner et al. (2005) took several hours, the increase in spontaneous activity 1.5 h after CA suggests a similar shift in the distribution of spontaneous rates occurs after CA. In cats, Koerber et al. (1966) reported there was virtually no spontaneous activity in the VCN after complete CAs. However, they found considerable spontaneous activity after incomplete ablations. All the ablations in the guinea pigs in this study were partial. Thus our findings are consistent with those of Koerber et al. (1966) . The latencies of the excitatory responses to BBN stimulation of the contralateral ear were also similar for CHL and CA. The values were determined from the first peak of the excitatory response, which was determined manually on each PSTH. At 80 dB SPL, the latencies for both types of deafness were always Ͼ6 ms. Typically, at 40 -80 dB SPL they ranged between 6 and 10 ms, but occasionally latencies as long as 15-50 ms were seen in both CHL and CA animals.
In response to BBN, the thresholds for contralateral excitation were similar in CHL and CA animals, typically ranging from 20 to 40 dB SPL in both groups of animals. The RLFs were also similar. Figures 3 and 4 show single-unit RLFs for the excitatory responses to contralateral BBN stimulation for CA and CHL animals, respectively. Only those responses that could not be attributed to cross-talk are included. Excitatory responses in both CHL and CA animals exhibit monotonically increasing functions that are quantitatively very similar. For the CHL animals, cytocochleograms revealed no loss of inner or outer hair cells, confirming that these were CHLs and not sensorineural. Similarly, examination of the middle and inner ears in the CA animal revealed a near complete destruction of the cochlea confirming a sensorineural hearing loss.
Lesion experiments
The lesion experiments tested the hypotheses that the contralateral excitation is mediated by direct glutamatergic CNcommissural projections via the D/IAS; direct glutamatergic CN-commissural projections via the TB; or cholinergic neurons of the OCB that send excitatory collaterals to the VCN. For the electrophysiological results to be included in the database, the lesions had to be histologically confirmed as confined to their respective targets. Thus we report here results from five animals with D/IAS lesions (L1, Fig. 1 ), two animals with TB lesions (L2, Fig. 1) , and three animals with OCB lesions (L3, Fig. 1 Responses to contralateral (right ear) sound stimulation are shown before and after left cochlear ablation. Stimulus: 100-ms duration BBN. Spike rate is normalized to spontaneous rate. Only 1 unit (Ch 8.1) showed noticeable excitation to contralateral sound before the ablation, but all units were excited post cochlear ablation. BBN stimulus are also differentially affected. These changes were not observed in animals in which the target structure was missed as revealed by the Fluoro-Gold or -Ruby tracers being found ventral, dorsal, caudal, or rostral to the target.
Commissural pathway lesions of the dorsal/intermediate acoustic striae (D/IAS, L1) reduce contralateral excitation
As depicted in Fig. 1 , lesions of the D/IAS (L1) as they exit the contralateral CN would be expected to disturb direct excitatory, glutamatergic CN-commissural projections in addition to inhibitory glycinergic CN-commissural projections. An example of this type of lesion is shown in the photomicrograph in Fig. 5 (arrow) . The melittin injection produced a lesion with a rostral-caudal extent of 560 m (ϳ37% of the D/IAS extent) that damaged only the D/IAS. In this animal, we were able to sort single units from multiunit activity at three of the 16 recording sites. Results for these single units are depicted in Fig. 6, A and B. Figure 6A shows excitatory RLFs to contralateral BBN before and 30 min after the lesion. At 80 dB SPL, the excitation of the units on channels 12.1, 5.1, and 16.1 is reduced 88, 95, and 53%, respectively. In Fig.  6B , the postlesion PSTHs for these three units at 60 dB SPL reveal that the lesion greatly reduced the excitation across the entire time course of the contralateral BBN stimulus. The onset excitation is virtually eliminated for the responses on channels 12.1 and 5.1 and the steady-state portions of the excitation are greatly reduced for all three. Of the 80 singleand multiunits recorded in five animals with confirmed lesions confined to the D/IAS, the contralateral excitation was greatly reduced in a similar manner as depicted in Fig.  6 , A and B at 80% of the sites. Figure 7 depicts multiunit RLFs from one of the five animals. The D/IAS lesion produced a widespread reduction in contralateral excitation that was similar to the reduction seen for the sorted single units in Fig. 6A .
TB lesions reduce contralateral excitation
As depicted in Fig. 1 , lesions of the TB (L2) as it exits the contralateral CN would be expected to disrupt indirect excitatory projections to CN via collaterals of OCB neurons whose Spike rate is normalized to spontaneous rate. As for the cochlear ablation in Fig. 3 , most units were excited by contralateral sound following the ossicular disruption.
cell bodies are in the VNTB as well as direct glutamatergic ventral commissural projections. An example of this type of lesion is shown in the photomicrograph in Fig. 8 (arrow) . The melittin injection produced a small lateral lesion with a rostralcaudal extent of 350 m that began in the most caudal regions of the SOC and damaged only the TB (ϳ27% of the TB extent).
In this animal, the results for three single units sorted from multiunit activity at 3 of the 16 recording sites are depicted in Fig. 9, A and B. Figure 9A shows excitatory RLFs to contralateral BBN before and 30 min after the lesion. At 80 dB SPL, the excitation is reduced 87% for the unit on channel 9.1 but only 38% for the unit on channel 8.1. For channel 10.1, there is very little, if any, effect of the lesion on the RLF except perhaps at 80 dB where the excitation is reduced 26%. In Fig. 9B , the postlesion PSTHs for these three units at 80 dB SPL revealed that the lesion reduced both onset and steady-state portions of the excitation across the entire time course of the contralateral BBN stimulus. A smaller number of VCN neurons were affected by TB lesions, compared with D/IAS lesions, and, the effects were of lower magnitude in terms of spike rate. Specifically, although TB lesions did reduce contralateral excitation, the reductions were only observed at ϳ10% of the recording sites (32 single-and multiunits recorded in 2 animals). animals. The TB lesion produced a moderate reduction in contralateral excitation that was similar to the reduction seen for the sorted single units in Fig. 9A . The less robust reduction in contralateral excitation following TB lesions may have been due to the small size of the lesions produced when injecting melittin near the ventral edge of the brain stem to avoid other auditory structures in the SOC, or it may reflect a less prominent input from the contralateral ear than the D/IAS. It may also be due to the caudal location of the lesions in the TB combined with the rostral location of the neural recordings in the VCN.
OCB lesions reduce contralateral excitation
As depicted in Fig. 1 , lesions of the OCB (L3) near the floor of the fourth ventricle ipsilateral to the left VCN would be expected to disrupt both the COCB and UCOCB and compromise cholinergic neurons of the OCB that send excitatory collaterals to the VCN. An example of this type of lesion is shown in the photomicrograph in Fig. 11 (arrow) . The melittin injection produced a lesion with a rostral-caudal extent of 720 m (ϳ100% of the OCB extent) that appeared to damage only the OCB.
In this animal, the results for three single units sorted from multiunit activity at 3 of the 16 recording sites are depicted in Fig. 12, A and B. Figure 12A shows excitatory RLFs to contralateral BBN before and 30 min after the lesion. At 80 dB SPL, the excitation of the units on channels 9.1, 8.1, and 10.1 is reduced 88, 85, and 82%, respectively. In Fig. 12B , the postlesion PSTHs for these three units at 80 dB SPL revealed that the lesion reduced both onset and steady-state portions of the excitation across the entire time course of the contralateral BBN stimulus as occurred with D/IAS lesions (Fig. 6B) . Both steady-state and onset excitation appear less affected by the OCB lesion than by the D/IAS lesion (Fig. 6B ) due in part to higher firing rate of the units depicted in Fig. 12B . The steady-state effects were comparable to the reduction that occurred after D/IAS lesions with an almost complete elimination of contralateral steady-state excitation. However, the onset excitation, albeit reduced by the OCB lesions, is still present, whereas it was eliminated by the D/IAS lesion for two of the three units depicted in Fig. 6B . Of the 48 single-and multiunits recorded in three animals with confirmed lesions confined to the OCB, the contralateral excitation was greatly reduced (i.e., in a manner similar to that depicted in Fig. 12 , A and B at 65% of the recording sites. Figure 13 depicts multiunit RLFs from one of the three animals. The OCB lesion produced extensive reductions in contralateral excitation that was similar to the reduction seen for the sorted single units in Fig. 12A . It is worth noting that for the animals with an OCB lesion, there is a decrease in firing rate for some units with increasing noise burst intensity. This is seen most strikingly in Fig. 12A and further supports our conclusion that the OCB lesions resulted in an almost complete elimination of contralateral steady-state excitation.
D I S C U S S I O N
In this study, we have confirmed our initial report ) that unilateral cochlear damage results in excitation of VCN neurons ipsilateral to the damaged ear by contralateral sound stimulation. We have confirmed that the effects of CHL (see also Following an injection of 0.3 l melittin into the ventral region of the superior olivary complex (SOC), a small lateral lesion of the TB is observed with a rostral-caudal extent of 350 m. The lesion began in the most caudal regions of the SOC, and damaged only the trapezoid body (TB, arrow). Electrophysiological results from this animal are depicted in Fig. 9, A and B. 
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FIG. 7. Rate-level functions for 11 multiunit recording sites from 1 animal to contralateral sound after cochlear ablation; from a different animal than the 1 shown in Fig. 6 , A and B. Responses are shown before (A) and after (B) a melittin lesion in the D/IAS (L1). Stimulus: 100-ms duration BBN. Sumner et al. 2005) and CA are similar in that they both produce contralateral excitation of neurons in the VCN that would normally be inhibited by contralateral sound (Ingham et al. 2006; Shore et al. 2003) . The attributes of the compensatory excitation that occurs following both CHL and CA are, in general, similar: the latencies and RLFs exhibit no systematic differences. The onset of the compensatory excitation is fairly rapid, occurring within hours, with both types of deafness. This suggests that the pathways involved and underlying mechanisms are the same with the two types of impairment.
Finally, we have extended this work in new directions and provide evidence that at least three different pathways are involved in this compensatory excitation. Lesions of the D/IAS, TB, and OCB have differential effects on the post CA contralateral excitation, suggesting that each pathway contributes to the contralateral excitation in a different manner with contrasting effects on onset versus steady-state responses.
Compensatory contralateral excitation
The increase in contralateral excitation is a consequence of synaptic activation. Because the animals had severe hearing loss in the ipsilateral ear, thresholds to contralateral sound were well below those that could be activated by acoustic cross-over or bone conduction (Sumner et al. 2005) . Furthermore, the response latencies were longer than those for ipsilateral activation of the same neurons. In many cases, especially after CA, there was no response to ipsilaterally presented sound. The short onset (1-2 h) of the changes suggests an increase in the effectiveness of existing synapses. This hypothesis is supported by the occasional observation of contralateral excitatory responses in normal hearing animals Sumner et al. 2005) . Sumner et al. (2005) reported there was no lasting change in the proportion of neurons inhibited by contralateral sound after CHL. Thus it is likely that the excitation after CA reflects upregulation of existing excitatory pathways connecting the two cochlear nuclei rather than a disinhibition of normally "silent" synapses (Calford 2002).
Excitatory contralateral pathways and mechanisms
Connections between the cochlear nuclei were originally suggested by the responses of DCN neurons to acoustic stimulation of the contralateral ear (Klinke et al. 1969; Mast 1973 ; Young and Brownell 1976) . The latencies of these inhibitory responses ranged widely, some in the range of hundreds of milliseconds, whereas others were compatible with only one synaptic delay (Hochfeld 1973; Pfalz 1962; Pirsig and Pfalz 1967; Pirsig et al. 1968) . Subsequent anatomical studies have demonstrated the existence of a CN-commissural connection that is comprised primarily of large type II glycinergic multipolar cells but also small multipolar cells and possibly even bushy cells that are most likely excitatory and glutamatergic (Alibardi 2000; Cant and Gaston 1982; Schofield and Cant 1996; Shore and Moore 1998; Shore et al. 1992; Wenthold et al. 1987; Zhou et al. 2007 ). The latency range for contralateral excitation of VCN neurons is much smaller than in DCN (Ingham et al. 2006) , reflecting the direct CN projections primarily to the VCN.
Only a few physiological studies have focused on the VCN as a binaural nucleus. Electrical stimulation of contralateral VIIIth nerve in an in vitro preparation (Babalian et al. 1999 (Babalian et al. , 2002 produced inhibitory postsynaptic potentials (IPSPs) in Յ70% of principal cells in the VCN. These effects were blocked by strychnine (Babalian et al. 2002) , supporting the anatomical evidence of a primarily glycinergic CN-commissural projection. Most latencies were suggestive of mono-, diand trisynaptic connections. All principal cell types were affected. In vivo, the effect of contralateral sound stimulation on the firing rates of neurons in the VCN demonstrated that in normal-hearing animals, a small percentage (Ͻ4%) of neurons showed excitation by contralateral stimulation, which could not be attributed to acoustic crossover. This contralateral excitation is consistent with findings that the CN-commissural pathway is additionally composed of neurons that may be excitatory, such as multipolar type I and perhaps globular bushy cells, as mentioned in the preceding text (Alibardi 1998; Schofield and Cant 1996; Shore et al. 1992; Spangler et al. 1987; Zhou et al. 2007 ). The principal projections of multipolar type I neurons are excitatory to the contralateral IC (Adams 1979b). Globular bushy cells send an excitatory connection to the MNTB (Smith et al. 1991) . Because these cells may also contribute minor components to the CN-commissural projection, they may be partially responsible for excitatory responses to contralateral sound stimulation in the VCN, and in neurons of the deep DCN (Adams 1979a,b; Mast 1973) .
Contralateral sound stimulation has been shown to suppress VIIIth nerve activity (Brown 1989; Gummer et al. 1988; Liberman and Brown 1986) . These suppressive effects, present in almost all units, have latencies close to 200 ms, durations Ͼ200 ms, and are maximal if the contralateral tone is at BF and are thus unlikely mediators of the effects described here. However, collaterals of the OCB send a projection to the CN that has been postulated to be excitatory (Benson and Brown 1990; Brown 1993; Brown and Benson 1992; Brown et al. 1991) . Electrical stimulation of OCB axons in silence results in predominantly excitation of CN neurons (Mulders et al. 2003) . It is therefore possible that this OCB collateral pathway could be responsible for some of the contralateral excitation described in this study.
The results of the lesion studies presented here support the notion that at least three of these pathways are involved! First, lesions of the D/IAS as they exit the contralateral CN reduced the contralateral excitation by ϳ80%. The postlesion PSTHs revealed that the reduction in excitation was across the entire time course of the sound stimulus (i.e., onset and steady state are affected), suggesting that this pathway is fast acting and likely to be mediated by glutamate. This is consistent with our recent findings (Zhou et al. 2007b as decreased uptake (Muly et al. 2004; Potashner et al. 1997 ). This, together with an upregulation of glutamate receptors (Rubio 2006; Suneja et al. 2000) , would render any remaining glutamatergic inputs more efficient. In the DCN, this upregulation has been observed as early as 4 h after CA (Rubio 2006) . Caution needs to be exercised in interpreting the results of the D/IAS lesion too narrowly as simply interrupting commissural pathways. A number of other pathways may be involved. For example, one alternative explanation for this lesion could be that the D/IAS inputs to the IC are interrupted by the lesion, which interrupts descending input to the olivocochlear neurons, which prevents their excitation of CN neurons.
Second, lesions of the contralateral TB reduced onset and steady-state contralateral excitation by ϳ10%. The small effects seen may relate to the small amount of damage from the lesions. However, the changes are consistent with mediation by an indirect pathway through the VNTB via the OCB neurons. Another possible indirect pathway is the cholinergic projection from VNTB to the CN (Godfrey et al. 1987b; Sherriff and Henderson 1994; Yao and Godfrey 1998) . It could also indicate mediation via a direct, ventral commissural pathway via the TB, consistent with the results of Doucet and Lenihan (2006, 2007) demonstrating a variety of small neurons projecting directly to the CN via the TB, likely to be the VGLUTpositive cells demonstrated by Zhou et al. (2007) .
Third, lesions that targeted the OCB resulted in an almost complete elimination of contralateral steady-state excitation. However, the onset excitation was less affected than that produced by a lesion of the DAS. This suggests that the OCB collaterals are primarily responsible for a slower delayed-onset excitation elicited by contralateral sounds. Other studies provide evidence that indeed the cholinergic fibers of the OCB that innervate the CN en route to the cochlea are upregulated after unilateral cochlear damage (Jin et al. 2005; Kraus and Illing 2005) , providing further support for the VNTB as one source of the contralateral excitation following unilateral deafness. An increase in the sensitivity of cholinergic receptors has also been observed after deafness in slice preparations of DCN (Chang et al. 2002) .
Additional mechanisms
The action of olivocochlear efferents to the nondeafened (right) cochlea might also be altered after CHL or CA of the left ear, producing an increased excitation of VIIIth nerve fibers in the ear contralateral to the damaged ear (Benson and A: rate-level functions for 3 sorted single units from 1 animal to contralateral sound after cochlear ablation. Responses are shown before and after a melittin lesion of the OCB (L3). Spike rate is normalized to spontaneous rate. B: PSTHs of single-unit responses to contralateral sound after cochlear ablation (bin width, 1 ms). Responses shown are pre-and postlesion (as indicated). Melittin lesion is in the OCB (L3). Photomicrograph of the lesion in this animal is shown in Fig. 11 . Stimulus: 100-ms duration BBN. Brown 1990 Brown , 1996 Brown and Benson 1992; Brown et al. 1988 Brown et al. , 1991 Godfrey et al. 1987a; Mulders et al. 2002; Robertson and Winter 1988) . Under normal circumstances, activity of PVCN neurons activates SOC neurons on both sides of the brain, including OCB neurons that project to the cochlea on the other side and suppress AN activity (Cant and Casseday 1986; de Venecia et al. 2005; Schofield 1995; Smith et al. 1993) . After CHL and CA, spontaneous AN activity decreases (Cook et al. 2002; Kiang et al. 1965) . Thus the driving force to OCB neurons might decrease, altering the OCB modulation of the opposite cochlea. Thus the normally suppressive action (Liberman and Brown 1986) of the OCB will be diminished, resulting in a subsequent increase in VIIIth nerve activity and possible increase in excitation of CN neurons. A contributing factor may be retrograde effects on the activity of olivocochlear neurons after destruction of their terminals in the cochlea by CA (Jin et al. 2005 ). This would not occur with CHL, however.
Another possibility for the contralateral excitation observed in this study is that the inhibitory action of ipsilateral CN projections to the contralateral (right) CN might be reduced after CHL or CA of the left ear, releasing the right CN from inhibition resulting in an unmasking of reciprocal excitation. This, coupled with the increased VIIIth nerve activity discussed above may result in increased excitation not only in the VCN ipsilateral to the CHL or CA but also in other ipsilateral and contralateral parts of the auditory neuraxis (e.g., IC), which needs to be studied as it may be involved in the generation of tinnitus.
Conclusions
The properties of contralateral excitatory responses produced by CHL and CA are very similar, suggesting similar pathways are involved in the expression of the contralateral excitation induced by unilateral conductive and sensorineural hearing loss. The results of the lesion studies indicate that each pathway makes different contributions to the contralateral excitation and has differential effects on onset versus steadystate responses, leading to the conclusion that contralateral excitation has a fast and a slow component. The fast excitation is likely mediated by glutamatergic neurons located in medial regions of VCN that send their commissural axons to the other CN either via the D/IAS or the TB. The slow component is most likely mediated by cholinergic neurons of the olivocochlear pathway the interneurons of which are located in periolivary regions and send collateral projections to the CN.
The increase in contralateral excitation associated with unilateral hearing impairment is an intriguing phenomenon with implications for binaural processing. With the demonstration of functional connections between the cochlear nuclei (Davis 2005; Ingham et al. 2006; Needham and Paolini 2003; , it is clear that the CN plays a role in binaural processing and is the first auditory structure in which binaural processing is altered after damage to the auditory periphery. The increase in excitability may partially compensate for the discrepancy in input between the ears after unilateral deafness. In the gerbil, 2-deoxyglucose uptake is substantially diminished in the major afferent projection from an ear with a unilateral CHL, particularly during early development (postnatal day 21). In animals with a mature auditory system (postnatal day 42), the left-right discrepancy between sides of the central auditory system is less marked (Tucci et al. 1999) , perhaps as a consequence of the compensatory mechanisms reported in this study. 
